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Metabolism of glucose by G. suboxydans and P. fluorescens in pure
and mixed culture was characterized in 10% glucose-yeast extract
medium in presence of calcium carbonate. A pattern between viable cell
counts and copper-reducing compounds was established. A decrease in
viable cell counts of the two bacteria was observed after the maximum
accumulation of 5- and 2- oxogluconate. P. fluorescens was found to
have a faster growth and rate of production of 2-oxogluconate than the
growth and production rate of 5-oxogluconate by G. suboxydans.
It was found that P. fluorescens grew on nutrient agar at pH 7.5,
but G. suboxydans did not grow, whereas, G. suboxydans grew on a
carbohydrate-yeast extract medium at pH 4, and P. fluorescens did not
grow tnus permitting differential cell counts. An alteration in pre-
dominance between the two bacterial species which paralleled accumulation
of various copper-reducing compounds was observed.
The growth of P. fluorescens on 10% glucose-yeast extract medium
following the growth of G. suboxydans was studied. Growth of pseudo-
monads paralleled an increase in copper-reducing compounds. Accumulation
of various reducing compounds after 120 hr corresponded to a decrease in
cell counts of P. fluorescens.
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INTRODUCTION AND LITERATURE REVIEW
Gluconate can be oxidized to 5-oxogluconate and 2-oxogluconate by
(Iluconobacter suboxydans (Rao, 1957; Cheldelin, 1961). The dehydro-
genation of gluconate to 5-oxogluconate proceeds according to Bertrand's
rule which results in the conversion of a D-carbon atom to a ketone;
however, the formation of 2-oxogluconate does not follow Bertrand's
rule. Thus, this latter reaction involves an enzymatic system different
from the enzymatic system used by G. suboxydans in the oxidation of
glucose to 5-oxogluconate (Lockwood, 1960).
Stubbs et al. (1940) reported that Acetobacter suboxydans when
grown on 10% glucose at 25 C produced 8-9.5% 5-oxogluconate in 33 hr.
Their results agreed with the work of Kluyver and Boezaardt (1938) in
which the production of 5-oxogluconate from glucose involved a two-
step oxidation. The first step consisted of the oxidation of glucose
to gluconate, and the second step involved the oxidation of gluconate to
5-oxogluconate. High yields, approximately 82%, of 2-oxogluconate
were also obtained in 25 hr by growing an unnamed bacterium on 10%
glucose at 25 C. Gluconate was found to be the intermediate in the for-
mation of both acids (Stubbs, 1940).
Entner and Stanier (1951) found that Pseudomonas fluorescens when
grown on 0.15 to 0.25% glucose at 30 C oxidized glucose and gluconate
at an initial rate approximately 10 times as high as the oxidation rate
of 2-oxogluconate. However, they hypothesized that 2-oxogluconate was
not a major intermediate in the pathway of glucose metabolism. Instead
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the oxogluconate was produced from a side reaction, such as, the
dephosphorylation of phospho-2-oxogluconic acid. Wood and Schwerdt
(1953) demonstrated by using paper chromatographic_ analysis that glucose
and gluconate were converted only to oxogluconate. Due to the analytic
procedure, oxogluconate was not identified as 2-oxogluconate or as
5-oxogluconate. From results of Entner and Stanier (1951), they
reasoned that 2-oxogluconate and not 5-oxogluconate was the acid formed.
Unlike 2-oxogluconate, 5-oxogluconate has been reported to be
further degraded to L(+) tartaric acid by either Pseudomonas (Lockwood,
1951) or Gluconobacter (Yamada, 1971). Yamada et al. (1971) detected
five different acids produced from glucose by G. suboxydans. Four of
the five acids were purified and identified as L(*) tartaric, glycolic,
5-oxogluconic and 2-oxogluconic acids. They suggested a hypothetical
pathway in the conversion of glucose to L(-) tartaric acid; however, the
mechanism of the conversion was unclear.
Kotera et al. (1972) studied the oxidation of glucose to L(i-) tartaric
acid by using G. suboxydans. They suggested that 5-oxogluconate was
oxidized to 1, 2-dihydroxyethyl hydrogen L(+) tartrate (renamed 'pretaric
acid') which was converted to L(4-) tartaric acid. They further predicted
that pretaric acid was cleaved between carbons 4 and 5 which resulted in
the formation of tartaric acid and glycolaldehyde. Glycolaldehyde is
the immediate precursor of glycolic acid.
Kotera et al. (1972) reported high yields, greater than 10 g per 1,
of tartaric acid by growing mutants of G. suboxydans on 5% glucose and
0.3% corn steep liquor medium. Mutant strains were obtained by incubating
G. suboxydans cells on 2.5% mannitol medium containing 2504g per ml or
1000 g per ml of N-methyl-W-nitro-N-nitrosoguanidine (NTG) for 30 min
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at 36 C. The tartaric acid producing mutants were isolated on a medium
which contained glycolic acid at pH 4 and on a medium which contained
2.5% mannitol and 0.3% corn steep liquor at pH 3 or below. Kodama,
Kotera, and Yamada (1972) obtained 14.6 g per 1 of tartaric acid from
NTG produced mutants of G. suboxydans grown on 5% glucose and 0.3%
corn steep liquor.
There are two different pathways by which glucose is oxidized by
P. fluorescens and G. suboxydans. Kitos et al. (1958) suggested that a
pentose cycle is the main pathway for glucose and gluconate oxidation by
U.  suboxydans. Using C14 labeled glucose and gluconate as substrates
they found that for every 100 molecules of glucose; 28 molecules were
oxidized to 2-oxogluconate and 72 molecules were converted to pentose
phosphate. Of these 72 molecules, 63 (88%) entered the pentose cycle.
Quay, Friedman, and Eisenberg (1972) demonstrated using glucose
oxidase-deficient mutants of P. fluorescens that gluconate induced the
synthesis of gluconokinase and 6-phosphogluconate dehydratase. They
found that the enzymatic activity increased when P. fluorescens and the
glucose oxidase-deficient mutants were grown on 0.25% Casamino acids
medium containing 0.03 M gluconate at 25 C. They suggested that glucose
was oxidized to gluconate and 2-oxogluconate which was phosphorylated to
yield 6-phosphogluconate. Tracer experiments were performed by Eisenberg
et al. (1974) using glucose oxidase-deficient mutants of P. fluorescens
to determine if glucose oxidase were required for the accumulation of
glucose carbon in the bacterium. Studies with labeled C14 demonstrated
the accumulation of glucose by active transport. Glucose was then con-
verted to glucose-6-phosphate and 6-phosphogluconate by P. fluorescens
and the glucose oxidase-deficient mutants. The accumulation of C14
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glucose was induced by glucose but not by gluconate. This indicated that
glucose oxidase was not required for the glucose accumulation in P.
fluorescens.
Although numerous investigation have been done on the glucose
metabolism by G. suboxydans and P. fluorescens information is lacking
on basic characteristics of glucose oxidation in pure and mixed cultures.
Better understanding is needed on which pathway intermediates are pro-
duced. Intermediates produced by both microorganisms are of industrial
importance.
The 2-oxogluconate produced by P. fluorescens can be converted to
erythorbic acid (isovitamin C). This analogue of ascorbic acid is used
in photography and in the food industry (Stubbs, 1940). The 5-oxogluconate
can be used in the formation of tartaric acid. Tartaric acid and its
derivatives are used in textile printing, in carbonated beverages, in
photography and in foods (Lockwood, 1951). Thus, a domestic microbial
production of these compounds would be economically beneficial to the
United States.
This investigation was initiated for tree purposes: (1) to
characerize the glucose metabolism by G. suboxydans and P. fluorescens 
in pure culture; (2) to characterize the glucose metabolism in the two
bacteria by combined growth; and (3) to consider the role of P. fluorescens
in the production of tartaric acid. Lockwood and Nelson (1951) reported
that P. fluorescens when grown on 5-oxogluconate produced d-tartaric acid.
In a microbial production of tartaric acid, it would seem feasible to
use G. suboxydans in the production of 5-oxogluconate, and then inoculate
with P. fluorescens to convert 5-oxogluconate to tartaric acid. Therefore,
this investigation also sought to characterize the metabolism of 5-oxoglu-
conate by P. fluorescens.
MATERIALS AND METHODS
Bacteria and Their Maintenance
Lyophilized Gluconobacter oxydans subsp. suboxydans ATCC-621 was
obtained from the American Type Culture Collection and the lyophilized
Pseudomonas fluorescens B-334 was obtained from the Northern Regional
Research Laboratory of the U. S. Dept. of Agriculture in Peoria, Illinois.
G. suboxydans was activated by cultivating in 10% (w/v) mannitol, 0.3%
(w/v) yeast extract broth at 28 C for 24 hr. P. fluorescens was activated
by growing in nutrient broth (Difco) at 28 C for 24 hr.
At monthly intervals the stock cultures of G. suboxydans were
transferred to fresh slants containing 10% mannitol, 0.3% yeast extract
and 2% agar. This medium was slightly acidic; the pH was not adjusted.
Slants were incubated for 24 hr at 28 C and then stored at 4 C until used.
The stock cultures of P. fluorescens were transferred each month to fresh
nutrient agar (Difco) slants, incubated at 28 C for 24 hr, then stored at
4 C until used. A Gram stain was done on randomly selected slants to
check for purity.
Determination of Bacterial Population
Viable cell counts were determined by using a standard plate count
technique. One ml of a culture of the bacterium being used das serially,
logarithmically diluted in 9 ml volumes of sterile 10% glucose broth to
a concentration of 10
-8
. Aliquots of 0.1 ml of each dilution were
inoculated and spread by using a bent glass rod onto the surface of a
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plating medium. The plating medium used for both G. suboxydans and P.
f1uorescen5 was 10% glucose, 0.3% yeast extract and 2% agar.
Three plates at each dilution were inoculatea and incubated at 28 C
for 24 hr to 48 hr. Pseudomonas plates were counted after 24 hr, and
Uluconobacter plates were counted after 48 hr. The total number of
colonies were counted and averaged on the three plates for the dilution
yielding between 30 and 300 colonies per plate. The bacterial population
was expressed as colony forming units (CFU) per ml.
Selection of Media for Differentiation between G. suboxydans and P.
fluorescens 
Two plates of carbohydrate-yeast extract medium supplemented with
egg-white (Garibaldi, 1967) for each of the cultures of P. fluorescens,
G. 111Doxydans and for a mixed culture were streak-inoculated and incubated
at 28 C for 24 hr to 48 hr. The plates were observed and compared for
growth and production of fluorescent pigment.
The carbohydrate-yeast extract medium supplemented with egg-white
contained 2.0 m1 (10%) of egg-white, 0.3% yeast extract, and 10% carbo-
hydrate. The carbohydrate was either mannitol, sorbitol, or glucose.
The shell of the egg was sterilized by rotating the egg in a spoon con-
taining 70% ethyl alcohol until the shell was uniformly coated; then
the egg was flamed to sterilize the shell. After the egg shell was
cracked, the egg-white was collected in a sterile beaker and refrigerated
until used. Only sterile egg-whites were used.
Two plates of Pseudomonas Agar F (Difco) medium for each of the cultures
of E. flnoresrens, G. suboxydans and for a mixed culture were streak-
inoculated and incubated at 28 C for 24 hr to 48 hr. The plates were
observed for growth and production of fluorescent pigment.
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Two plates of nutrient agar adjusted to pH 7.5 for each of the
cultures P. fluorescens and G. suboxydans and for a mixed culture were
streak-inoculated. Plates were incubated for 24 hr to 48 hr at 28 C
and observed for bacterial growth.
Two plates of medium containing 0.3% yeast extract, 2% agar, and
13% of either glucose, mannitol, or sorbitol (adjusted to pH 4.5) were
streak-inoculated with pure cultures of P. fluorescens and G. suboxydans
and with mixed culture. All plates were incubated at 28 C for 24 hr to
48 hr. Plates were then observed for presence of bacterial growth. All
results were compared to each other in order to determine the best
medium for differentiation of the two cultures.
Media and Culture Methods
Standard inoculum of G. suboxydans was prepared by transferring one
loopful of cells from a stock culture to a test tube containing 20 ml
of 10% mannitol, 0.3% yeast extract broth and incubated in still culture
at 28 C for 24 hr. Standard inoculum of P. fluorescens was prepared by
transferring one loopful of cells from a stock culture into a test tube
containing 20 ml of nutrient broth and allowed to incubate in still
culture at 28 C for 24 hr. A Gram stain was done on broth cultures to
determine purity.
The composition (grams per liter) of the fermentation medium was as
follows: glucose 100, yeast extract (Difco) 3, and distilled water to
1 liter. This medium will be known as glucose-yeast extract (GYE)
medium throughout the remainder of this thesis. The GYE medium was
dispensed in 65 ml aliquots in 250-ml baffled Erlenmeyer flasks and
sterilized in an autoclave. Sterile CaCO
3' 
1.95 g, was added to each
flask after autoclaving.
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A series of 250-ml baffled Erlenmeyer flasks which contained 65 ml
of the GYE medium were inoculated with 0.33 ml of a 24-hr standard
inoculum, placed on a rotary shaker (1.3 cm radius, 220 rpm) at 28 C
and removed for analysis at designated time intervals. G. suboxydans
was sampled at 12 hr intervals for 192 hr. P. fluorescens in initial
experiments was sampled at 6 hr intervals for 54 hr.
Determination of Percent Copper-Reducing Sugars_
Analysis for glucose and for other reducing compounds was made by
a modified copper-reducing method of Shaffer and Hartman (1921).
Approximately 2 ml sample of inoculated GYE medium was removed from the
250-ml Erlenmeyer flasks at designated time intervals and pipetted into
a test tube. Approximately 10 drops of hydrochloric acid were added to
each 2 ml sample in the test tube and agitated to dissolve the calcium
salts.
One ml of this solution was pipetted into a 250-ml Erlenmeyer flask.
Fifty ml of CuSO4 reagent and 49 ml of distilled water was added to the
flask. Two drops of 1% octadeconal was added to control foaming. The
solution was heated for 9 min at a rate at which boiling began in / min
and continued for an additional 5 min. After heating the flask was
cooled to room temperature in a water bath.
Twenty-five ml of KI-K103 reagent was pipetted into the flask.
Fifty ml of saturated oxalic acid solution was poured slowly into the
solution. The solution was then titrated with 0.1 N 
Na2S203 
solution to
a grass green color. Approximately 1 ml of 3% Lintner starch solution
was pipetted into the solution, and titration was continued to a sky
blue color with Na2S203.
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The sample titer obtained was subtracted from a blank titer previously
determined by titrating a solution containing CuSO4, distilled water,
KI-K103, and oxalic acid in appropriate proportions with Na2S203. The
percent copper-reducing compound was recorded from a standard chart
corresponding to the difference between titers of blank and test samples.
Determination of Percent of Ca 2-0xogluconate and Percent Glucose from
GYE Medium using P. fluorescens as the Oxidizing Agent 
Total copper reduction in mg was determined by a modified method of
Shaffer and Hartman (1921). After the GYE medium was analyzed for
bacterial population and percent copper-reducing sugars, the remaining
medium in the 250-ml Erlenmeyer flasks which were removed from the rotary
shaker at designated time intervals were filtered by Seitz (Milldale,
Conn.) filtration. Approximately 10 ml of filtrate was used for optical
analysis. The optical rotation was determined by use of a polarimeter
(Rudolph Instruments, Model 51). An average of three readings was used
for the calculation of the rotation value.
The Cu
k 
which is the reduced copper due to 2-oxogluconate in mg and
Cu which is the reduced copper due to glucose in mg was determined by
a method of Stubbs et al. (1940). The percent glucose and percent Ca





Growth of G. suboxydans on GYE Medium
An experiment was performed to determine the viable cell counts
and percent copper-reducing compounds at designated time intervals of
incubation. Results obtained would indicate a pattern between viable
cell counts and biochemical activity for G. suboxydans.
A series of 250-ml Erlenmeyer flasks were inoculated with 0.33 ml
of G. suboxydans from a 24-hr culture which contained 4.7 X 105 CFU per
ml. One culture flask was removed every 12 hr from 48 hr to 192 hr and
analyzed for bacterial population and percent copper-reducing compounds.
Percent glucose-oxogluconate throughout the remainder of this thesis was
the percent copper-reducing compounds calculated as glucose. The initial
concentration was determined to be 8.4%.
The results obtained are presented in Figure 1. The data demonstrated
that G. suboxydans exhibits a relatively long lag phase. The bacterial
growth increased rapidly from 60 hr with the maximum number of cells
counts, 217 X 106 CFU per ml, observed at 84 hr. This increase in viable
cell counts corresponds to a decrease in percent glucose between 72 hr
to 84 hr. The lowest percentage of glucose was observed at 96 hr.
A decrease in viable cell counts was observed from 84 hr to 108 hr.
Reduction in viable cell counts during this time is probably due to
depletion of some nutrient. A slight increase in copper-reducing activity
observed at 108 hr was assumed to be due to the formation of 5-oxogluconate.
This system was similar to the production of 5-oxogluconate by Stubbs
10
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et al. (1940) in which accumulation of 5-oxogluconate occured after the
disappearance of glucose. The amount of copper-reducing compounds was
found to remain constant from 120 nr to 168 hr with another increase in
activity at 180 hr. The viable cell counts increased from 108 hr to
120 hr. From 120 hr there was a decrease in viability. The data indicated
that there is inhibition of bacterial growth after 120 hr. The increase
in viable cell counts at 120 nr can be explained in terms of the cells
growing on the autolysate of the other cells.
These results indicated that the maximum accumulation of 5-oxogluconate
was observed at 108 hr. This result suggested a time at which P.
fluorescens can be inoculated into the GYE medium which contained the
greatest amount of 5-oxogluconate in later investigations. The fluctuation
in percent copper reduction after 108 hr could be due to the production
of intermediates in the hypothetical pathway proposed by Kotera_etal.
(1972). However, intermediates produced after 108 hr are questionable.
The intermediates could not be identified by the copper-reduction method
employed.
Growth of P. fluorescens in GYE Medium
An experiment was performed to determine viable cell counts and
percent copper-reducing compounds at designated time intervals of incu-
bation. The results obtained wkJu-d suggest a pattern between viable cell
counts and biochemical activity for P. fluorescens.
A series of 250-ml Erlenmeyer flasks were inoculated with 0.33 ml
of a 24-hr P. fluorescens broth culture which contained 33 X 10
7 CFU per
ml. One culture flask was removed every 6 hr from 12 hr to 54 hr and
analyzed for copper reduction in mg per ml, optical rotation, pH and
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bacterial population. The pH meter used was a Coleman instrument
(Model 38 A). Initial glucose concentration was determined to be 9.0%.
Figure 2 shows the growth of P. fluorescens in the GYE medium.
There is a gradual decrease in percent glucose from 12 hr to 30 hr with
the complete disappearance of glucose at 30 hr as calculated by a method
of Stubbs et al. (1940). The curve indicated that Ca 2-oxogluconate
was being produced while g1uco.7e was still present in the medium. These
results agreed with Stubbs et al. (1940) who reported that gluconate was
converted to 2-oxogluconate by Pseudomonas sp. in the presence of residual
glucose. This phenomenon was also observed by Katznelson, Tanenbaum,
and Tatum (1953) in their studies on glucose oxidation to 2-oxogluconate
by  Acetobacter melanogenum. The greatest amount of Ca 2-oxogluconate
was obtained at 36 hr, and from 36 hr there is a gradual decrease in the
amount of Ca 2-oxogluconate.
The decrease in glucose concentration corresponded to an increase
in viable cell counts from 12 hr to 24 hr. The maximum viable cell counts
were observed at 24 hr. The bacterial population decreased with the
formation of Ca 2-oxogluconate from 24 to 30 hr. A change in the pH of
the GYE medium was observed from 24 hr to 30 hr (Table 1). This result
could account for the decrease in the viable cell counts at 30 hr. The
increase in viability from 30 hr to 54 hr corresponded to the increase
in percent Ca 2-oxogluconate. This indicated the ability of P. fluorescens
to grow on Ca 2-oxogluconate.
The curve (Figure 2) also indicated that P. fluorescens has a faster
growth and production rate in 2-oxogluconate fermentation than the growth
and production rate observed in the 5-oxogluconate fermentation by G.
suboxydans (Figure 1). This phenomenon was observed by Stubbs et al. (1940).
14
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The result suggested that I. fluorescens would be more economically
suitable to use in a microbial fermentative production of tartaric acid
than G. suboxydans.
During the experiment a discoloration of the media and a change in
amount of Ca salt precipitate was observed. Brown coloration occured in
the 250-ml Erlenmeyer flasks from 12 hr to 36 hr. Flasks at 42 hr,
48 hr and 54 hr had the typical yellow coloration observed in previous
experiments. The results suggest that the brown discoloration is
associated with glucose and gluconate oxidation. Calcium salt precipitation
was not detected in flasks from 30 hr, 36 hr and 42 hr. Unlike the heavy,
white precipitate found in flasks early in the fermentation, flasks at
48 hr and 54 hr had a small amount of powdery, white precipitate. Lack
of a precipitate at 30 hr and 36 hr is probably due to the low pH 4.8
to 4.3 (Table 1). Reduction in precipitation from 36 hr to 54 hr
corresponded to a slight decrease in copper-reducing activity. This
indicated the possible conversion of Ca 2-oxogluconate to other inter-
mediates.
Selection of Media for the Differentiation Between G. suboxydans and
P. fluorescens
G. suboxydans and P. fluorescens exhibited similar characteristics
when grown on CYE agar for 24 hr to 48 hr. Both bacteria produced smooth,
circular, white, pinpoint colonies; thus, it would be difficult to
distinguish between the colonies of the two bacteria when making colony
counts of mixed culture. An experiment was performed to compare several
media for the best differentiation between uboxydans and P. fluorescens.
The medium or media which best differentiated between the two bacteria would
be used to determine total colony counts in later mixed culture experiments.
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An attempt was made to differentiate the two bacteria on the basis
of yellow-green pigment production. P. fluorescens can excrete a water-
soluble fluorescent pigment into the culture medium. This is a character-
istic that G. suboxydans does not exhibit (Buchanan, 1974). Therefore,
detection of fluorescent-pigment production could be useful in differen-
tiating the two bacteria.
The results of growth of P. fluorescens and G. suboxydans on
carbohydrate-yeast extract (CYE) medium supplemented with sterile egg-
white and Pseudomonas Agar F are shown in Table 2. P. fluorescens pro-
duced a yellow-green pigment on all three CYE medium with egg-white at
28 C within 24 hr. Sorbitol-yeast extract medium with egg-white was
superior to glucose or mannitol media in stimulating the production of
the fluorescent pigment. These results agreed to Garibaldi (1967) in
which the addition of sterile 10% egg-white to commercial media, such as,
Pseudomonas Agar F, Plate Count agar, Trypticase Soy agar, and nutrient
agar, enhanced the excretion of a fluorescent pigment by pseudomonads.
Growth of P. fluorescens on Pseudomonas Agar F shows similar results as
on ',YE medium with egg-white. P. fluorescens produced a fluorescent
pigment at 28 C within 24 hr.
G. suboxydans failed to produce a detectable pigment on either
Pseudomonas Agar F or CYE medium with egg-white after 24 hr to 48 hr at
28 C. G. suboxydans did produce pin-point, circular white colonies on
CYE medium with egg-white and Pseudomonas Agar F.
On Pseudomonas Agar F and CYE medium with egg-white streak-inoculated
with mixed culture, P. fluorescens produced abundant growth and exocellular
fluorescent pigment within 24 hr at 28 C that masked the growth of G.
g11hc-Yyrn. These results indicated that neither Pseudomonas Agar F
18
Table 2. Selection of media for the differentiation between P.
fluorescens and G. suboxydans in mixed culture.
Media Gluconobacter Pseudomonas
Growth on Pseudomonas Agar F











Growth at pH 7.5 on nutrient
agar
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or CIE medium with egg-white is suitable as a differential medium to
distinguish between these two bacteria in mixed culture.
Another attempt was made to differentiate between the two bacteria
based on pH requirements for growth. The genera Gluconobacter and
Acetobacter produce growth at pH 4 and slight growth in weakly alkaline
media. Pseudomonads can grow well at neutral or alkaline pH within a
range of 7 to 8.5; however, most are unable to grow at pH 6 or below
(Buchanan, 1974).
The results from the experiment indicated that G. suboxydans grew
on media adjusted to pH 4 at 28 C within 48 hr, but did not grow on
nutrient agar (pH 7.5). P. fluorescens grew on nutrient agar (pH 7.5)
within 24 hr at 28 C, but failed to grow on media adjusted to pH 4.
These results indicated that the carbohydrate medium at pH 4 and nutrient
agar at pH 7.5 can be used to differentiate between the two bacteria.
Total colony counts were determined throughout the remainder of the
experiments on medium containing 0.3% yeast extract, 10% glucose, and 2%
agar adjusted to pH 4 and on nutrient agar adjusted to pH 7.5.
Growth of a. suboxydans xid P. fluorescens in Mixed Culture in GYE
Medi.um
An experiment was performed to determine at which hour of incubation
the maximum accumulation of 5-oxogluconate and other copper-reducing
compounds was achieved. This determined at which time P. fluorescens
could be inoculated into the medium, and at which times to assay for
various intermediates in further investigation.
A series of 250-ml Erlenmeyer flasks were inoculated with 0.33 ml
of a 24-hr G. suboxydans broth culture which contained 54 X 104 CFU
per ml. One flask was removed every 12 hr from 48 hr to 108 hr, and
20
the culture was analyzed for percent glucose to determine at which hour
the maximum amount of 5-oxogluconate occured. This determined the time
at which P. fluorescens broth culture would be inoculated into cultures
which contained the highest amount of 5-oxogluconate for the conversion
to tartaric acid.
The results obtained on the glucose metabolism by G. suboxydans and
P. fluorescens in combined growth are present in Figure 3. The curve
indicated the disappearance of glucose and formation of 5-oxogluconate
by G. suboxydans. Approximately 2.4% glucose was left at 84 hr. The
percent oxogluconate increased from 84 hr to 108 hr. About 6.3%
oxogluconate was obtained at 108 hr as compared to the 2% obtained at
108 hr in an earlier experiment (Figure 1).
Flask cultures were removed from the shaker at 108 hr, and the media
were inoculated with 0.33 ml of a P. fluorescens 24-hr broth culture which
contained 89 X 10
6 
CFU per ml (indicated by the arrow). The flask
cultures were returned to the rotary shaker, and one was removed at 12
hr intervals to 192 hr and analyzed for bacterial population and percent
copper-reducing compounds.
From 108 hr there was an accumulation of various reducing compounds,
pribably 2- and 5-oxogluconate. The highest yield, 9.7%, was obtained
at 156 hr. This intermediate was quickly destroyed by both microorganisms
resulting in a decrease in copper-reduction activity. Compounds formed
from 108 hr to 192 hr could not be identified by the copper-reduction
assay method employed. At the time this investigation began, an analytical
method for the isolation and identification of these intermediates in
solution had not been developed. Due to the interference between the
intermediates during analysis, a micro-assay should be developed to
identify the intermediates.
The figure also shows a pattern of alternation of predominance in
viable cell counts between P. fluorescens and G. suboxydans. An increase
in viability of P.  fluorescens from 132 hr to 144 hr corresponded to a
decrease in viable cell counts of G. suboxydans. From 144 hr there was
a gradual decrease in viable cell counts of P. fluorescens and an increase
in cell counts of G. suboxydans. Decrease in cell count of P. fluorescens
from 1)4 hr was probably due to starvation which might have resulted from
a depletion of substrate. The increase in viable cell counts of .G..
suboxydans from 144 hr to 180 hr suggest that the bacterium was growing
on the autolysate of the other.
The curve indicated a pattern between viable cell counts and copper-
reducing activity. An increase in numbers of viable cells corresponded
to an increase in copper-reducing activity. This result indicated that
the regulation of microbial growth may lead to an increase yield in
intermediates. Kono and Asai (1969) demonstrated by using kinetic
analysis that product formation is associated with growth for both P.
fluorescens and Acetobacter suboxydans. Kotera et Al. (1972) observed
a decrease in viable cell counts after one day incubation and a decrease
in tartaric acid production after six days of incubation when 1% glycolic
acid was added to the glucose-corn steep liquor medium, but found the
addition of tartaric acid, 5-oxogluconate, and 2-oxogluconate to be non-
inhibitory. Further investigations on the regulation of microbial growth
by addition of nutrients, such as, glucose or corn steep liquor, during
fermentation may lead to improvement of product yield necessary for a
commercially feasible process.
Table 3 shows the pH values obtained by analysis of the GYE medium
22
Figure 3. Growth of G. suboxydans and P. fluorescens in mixed
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Table 3. pH of the medium from growth of P. fluorescens and G.
















at various sampling periods. The pH was slightly acidic from 48 hr to
84 hr. This reduction in pH corresponded to the disappearance of glucose
from the culture medium with the formation of gluconate. After the
addition of P. fluorescens to the flasks, the pH became basic and remains
relatively constant from 108 hr to 192 hr.
Growth of P. fluorescens on ,2-0xqgluconate Produced la G. suboxydans in
GYE Medium
Lockwood and Nelson (1951) reported that P. fluorescens has the ability
to metabolize 5-oxogluconate. Stewart (1959) reported that Pseudomonas 
exhibited 5-ketogluconate reductase (5KGR) activity when grown on a
medium containing 5-oxogluconate as a sole carbon source. Therefore, an
experiment was performed to characterize the metabolism of 5-oxogluconate
by P. fluorescens in pure culture. Elimination of G. suboxydans from the
culture media would provide a fermentation system that could be better
controlled.
A series of 250-ml Erlenmeyer flasks containing the GYE medium were
inoculated with 0.33 ml of a G. suboxydans 24-hr broth culture which con-
tained 47 X 105 CFU per ml. The cultures were removed at the designated
time intervals and analyzed for percent glucose and pH. The initial con-
centration of glucose was determined to be 8.7%.
The results obtained are presented in Figure 4. The curve shows the
disappearance of glucose from 72 hr to 84 hr by G. suboxydans. The flasks
were removed from the rotary shaker at 96 hr and placed in a 50 C water
bath along with an additional 250-ml Erlenmeyer flask which contained
65 ml of water and a thermometer. The flask which contained 65 ml of
water was tempered in the water bath until the water reached 50 C, then
the flasks which contained the GYE medium were heated in the 50 C water
25
bath for an additional 20 min. Preliminary experiments demonstrated
that G. suboxydans was killed in this time period. The cultures were
removed from the 50 C water bath, placed in an ice bath and allowed to
cool to room temperature. The flasks were removed from the ice bath,
inoculated with 0.33 ml of a P. fluorescens 24-hr broth culture which
contained 1.9 X 10
8 
CFU per ml (indicated by the arrow), and returned to
the rotary shaker. Flasks were removed from the rotary shaker at 12 hr
intervals thereafter, and the culture was analyzed for pH, bacterial
population, and percent copper-reducing compounds. Plate counts were
done on G. suboxydans at 108 hr and found to be negative. Consequently,
attempts to enumerate this bacterium were discontinued.
The curve showed a gradual increase in viability of P. fluorescens 
from 108 hr to 144 hr. This result corresponded to an increase in percent
copper-reducing compounds from 96 hr to 144 hr. The increase in copper-
reduction activity was assumed to be due to the oxidation of gluconate
to 2-oxogluconate. Only 2.3% copper-reducing compounds were left at 96
hr. This result indicated that more gluconate was present in the culture
medium than 5-oxogluconate. The highest percent copper-reducing activity
was observed at 144 hr. The decrease in percent copper-reducing compounds
from 144 hr to 156 hr was paralleled by a decrease in numbers of pseudo-
monads. This decrease in viable cell counts were probably due to the
lack of 2-oxogluconate substrate. Increase in numbers at 156 hr
suggests that production of other intermediates from 2-oxogluconate.
The identity of these intermediates could not be obtained by the copper-
reduction assay method employed.
The pH values of the GYE medium from 48 hr to 192 hr are presented
in Table 4. The results indicated that the medium became acidic during
Figure 4. Growth of P. fluorescens in pure culture on gluconate
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a decrease in concentration of glucose (Figure 4). Then medium remained
acidic until 108 hr and then was slightly basic from 120 hr to 180 hr.
The acidity of the medium between 84 hr to 108 hr is probably due to the
formation of 2-oxogluconate. These results agreed with those results
obtained in earlier experiment (Figure 2) in which a reduction in pH
(Table 1) was found with the formation of 2-oxogluconate.
These results indicated that the copper-reducing activity and viable
cell counts from 96 hr was a result of P. fluorescens growth on 2-
oxogluconate and not 5-oxogluconate. Another experiment was performed
to determine the metabolism of this bacterium on 5-oxogluconate.
A series of 250-ml Erlenmeyer flasks which contained 65 ml of GYE
medium were inoculated with 0.33 ml of a 24-hr G. suboxydans broth culture
which contained 36 X 10
5 
CFU per ml, were placed on a rotary shaker at
28 C, and were removed in 12 hr intervals. The cultures were analyzed
for percent copper-reducing compounds and pH.
The results obtained are presented in Figure 5. The curve indicated
the disappearance of glucose and the formation of 5-oxogluconate by
G. suboxydans. In order to know when the maximum accumulation of 5-
oxogluconate occured, the 250-ml Erlenmeyer flasks were removed, and the
cultures were analyzed for percent copper-reducing compounds at 6 hr
intervals from 72 hr to 108 hr. At 90 hr 1.2% glucose was present in
the culture medium. There was an increase in percent copper-reduction
with the formation of 5-oxogluconate. The 250-ml Erlenmeyer flasks
were moved from the rotary shaker at 96 hr and tempered in a 50 C
water bath for 20 min by the method described previously. The cultures
were then inoculated with 0.33 ml of P. fluorescens 24-hr broth culture
which contained 37 X 10
7 
CFU per ml and returned to the rotary shaker.
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One of the 250-ml Erlenmeyer flasks was removed every 12 hr, and the
culture was analyzed for bacterial population, percent copper-reducing
compounds and pH. Plates counts were done on G. suboxydans at 108 hr
and found to be negative. Consequently, attempts to enumerate this
bacterium were discontinued.
The results show a decrease in percent copper-reducing compounds at
108 hr. This indicated that P. fluorescens was growing in a culture
medium which contained predominately 5-oxogluconate. The highest per-
cent copper-reducing compounds was observed at 108 hr. This was probably
due to a mixture of 2- and 5-oxogluconate. The 2-oxogluconate was
produced from the gluconate residual at 96 hr. The decrease in percent
copper-reducing compounds at 96 hr and at 108 hr could be due to the
formation of tartaric acid. The curve shows the accumulation of various
copper-reducing compounds from 108 hr to 192 hr. The copper-reducing
activity was probably due to the residual 5- and 2-oxogluconate.
The increase in viable cell counts from 108 hr to 132 hr may have
been due to P. fluorescens ability to grow on 5-oxogluconate and tartaric
acid. Foster (1951) demonstrated that P. fluorescens can grow on L(±),
D(-), or meso tartaric acid and oxidize all three isomers of tartaric
acid. The viable cell counts increased from 168 hr to 192 hr. This
result indicated that the cells were growing on the autolysate which
was the result of cell death between 132 hr to 168 hr.
The pH values of GYE medium from 48 hr to 192 hr are presented in
Table 5. The results show that the acidity of the medium during the
assimilation of glucose is indicative of growth of G. suboxydans on
glucose. The decrease in pH seems to occur between 72 hr and 84 hr
(Table 1, Table 3, and Table 4). After the addition of P. fluorescens 
Figure 5. Growth of P. fluorescens in pure culture on gluconate
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to the culture media the pH becomes basic. This result agreed with tho
se
obtained in earlier experiments (Table 3 and Table 4). Similar results
were observed by Kotera et al. (1972) with mutant strains of G. suboxydans 
in which the pH value of glucose-corn steep liquor medium decrease with
the formation of acids from glucose and continued to decrease to pH
2.5 to 2.7 with the formation of tartaric acid. Their results agreed
with the work of Kodama et al. (1972) in which with the production of
tartaric acid there was a corresponding decrease in pH value of the
fermentation medium. These results suggest that the regulation of pH
may lead to increase production of intermediates, such as, 5-oxogluconate
and tartaric acid. Further experiments on the regulation of pH of the
GYE medium would provide information on the effect of pH on the production
of intermediates.
Intermediates produced by both bacteria after the formation of 5-
oxogluconate by G. suboxydans in GYE medium are still questionable.
Intermediates could not be identified by the copper-reduction method
employed. Therefore, production of tartaric acid (if any) could not be
detected. Further experiments on the isolation and identification of
intermediates during the metabolism of glucose and 5-oxogluconate by
P. fluorescens and G. suboxydans by combined growth may demonstrate the
role of mixed culture in a commercially feasible process for tartaric
acid production.
SUMMARY
Glucose metabolism of G. suboxydans in GYE medium was characterized.
It was found that with the increase in viable cell counts there was a
corresponding decrease in percent copper-reducing compounds. The maximum
accumulation of 5-oxogluconate was observed at 108 hr. There was a re-
latively constant percent copper-reducing activity after 108 hr which
paralleled with a decrease in viable cell counts.
Growth of P. fluorescens in GYE medium was studied and compared to
growth of G. suboxydans in GYE medium. It was found that an increase in
viable cell counts corresponded to a decrease in percent glucose. A
decrease in viable cell counts was observed with the accumulation of
Ca 2-oxogluconate. The pH of the GYE medium became acidic after 24 hr
which corresponded to an increase in percent Ca 2-oxogluconate. P.
fluorescens was found to have a faster growth and rate of production of
2-oxogluconate fermentation than the growth and production rate observed
in the 5-oxogluconate fermentation by C. suboxydans.
Several media were compared for the best differentiation between
G. suboxydans and P. fluorescens when grown in mixed culture. It was
1 -)und the P. fluorescens grew on nutrient agar at pH 7.5, and G.
suboxydans did not grow, whereas, G. suboxydans grew on a carbohydrate
medium which contained 10% glucose, 0.3% yeast extract and 2% agar at pH
4, and P. fluorescens did not grow. These media were used to determine
total colony counts in experiments using mixed culture.
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The glucose metabolism by combined growth of G. suboxydans and P.
fluorescens  was characterized. It was found that there was an alternation
of predominance between total colony counts of the two bacteria which
corresponded to an accumulation of various copper-reducing compounds.
The pH of the GYE medium was slightly acidic during the oxidation of
glucose to gluconate by puboxydans. After the addition of P. fluorescens,
the pH became basic and remained relatively constant throughout the fermen-
tation.
The growth of P. fluorescens in pure culture was studied on 5-
oxogluconate produced by G. suboxydans in GYE medium. The acidity of
the GYE medium from 72 hr to 84 hr was found to be indicative of growth
of Q, ouboxydans in GYE medium. a. 1.1boxydans was eliminated from the
culture medium by heating the cells at 50 C in a water bath for 20 min.
Then the flasks were inoculated with P. fluorescens. The pH of the GYE
medium was found to become basic after the addition of P. fluorescens
to the culture medium. The increase in pseudomonads paralleled an in-
crease in percent copper-reducing compounds. An accumulation of various
reducing compounds after 120 hr corresponded to a decrease in viable cell
counts of P. fluorescens. Intermediates produced by P. fluorescens 
growth on 5-oxogluconate which was formed by G. suboxydans in GYE medium
were questionable and could not be identified by the copper-reducing
method employed.
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